We have tested the Wannier threshold law employing a new experimental approach using an electron time-of-flight spectrometer. From the measured relative intensities of the helium He + (n ) photoelectron satellites (n 9) near the double-photoionization threshold, we derived the Wannier exponent α for the double-photoionization cross section σ 2+ ∝ E α (with E as the excess energy). Reasonable agreement with previous experiments and theoretical predictions has been found.
The correlated motion of two slow-moving electrons in a Coulomb field was first described by Wannier [1] a few decades ago. Numerous experiments followed to test his predictions using different methods and targets (see, e.g., [2] ). Most of them dealt with the partial ionization cross section employing either electrons [3] [4] [5] [6] [7] [8] [9] [10] or photons [11] [12] [13] [14] [15] as projectiles. More recently, angular-distribution measurements [12, 16, 17] and coincidence experiments [18] [19] [20] [21] [22] [23] were performed to test Wannier's threshold law for double-electron ejection.
In particular, the Wannier threshold law predicts the following threshold behaviour for the double-photoionization cross section σ 2+ :
where E is the excess energy and α is the Wannier exponent, which is predicted to be 1.056 in the case of double photoionization of helium. The experimental value of the exponent was found to be consistent with the predicted value [3] and was later determined in an ion-yield experiment to be 1.05(2) [11] in agreement with the theory. In addition, assuming an energy-sharing probability of f (E 1 /E) with E 1 as the kinetic energy of the detected electron, the Wannier exponent can be determined by detecting photoelectrons of any given kinetic energy if f is known. In this case equation (1) has to be modified to its energy-differential form with σ 0 being a proportionality constant,
According to the Wannier theory f (E 1 /E) is independent of E, i.e. this function is independent of E 1 and, thus, the energy sharing is uniform close to threshold. Experiments testing the differential form of the threshold law were performed using zero-kinetic-energy electrons and exponents α of 1.065 (6) [20] , 1.060(7) [12] , 1.044 (15) [24] and 1.062(7) [15] were obtained. Other experiments confirmed the predicted Wannier exponent without giving an independent value [13, 25] . However, these experiments are intrinsically affected by the energy resolution of the electron spectrometer used. In addition, second-order processes due to a high gas pressure as discussed in [13] can affect the expected threshold behaviour.
Our approach to determine the Wannier exponent utilizes 'high'-energy electrons of the double-photoionization continuum in contrast to the former experiments which used threshold electrons. Theoretically, both methods are equivalent. However, threshold electrons were collected over all angles, while the present experiment is angle resolved. In order to determine the differential cross section dσ
(where E 2+ is the double-ionization threshold and hν is the photon energy) we have measured the partial cross section of the He + (n ) satellites whose combined intensity goes smoothly into the double-photoionization continuum [26, 27] . A similar method, namely using He satellites to determine the double-to-single photoionization ratio, was successfully employed recently [28] .
Two experiments were performed at the 2.5 GeV storage ring of the KEK Photon Factory: one at a bending magnet beam line (BL-3B) and another one at an undulator beam line (BL-16B). Photons of the beam line BL-3B were monochromatized using a 24 m spherical grating monochromator [29] and a grating with 600 lines/mm, and entrance and exit slits both set to 50 µm. In another experiment performed at BL-16B, photons were monochromatized by a 24 m spherical grating monochromator [30] using a grating with 400 lines/mm. The undulator gap was adjusted for each photon energy in order to maximize the photon flux. The entrance and exit slits were both set to 20 µm. The photon energy was tuned in the range from 78.9 to 82 eV encompassing the double-photoionization threshold of He which is at 79.005 eV [31] .
The photon beam entered the experimental chamber, intersecting an effusive beam of helium atoms. The photoelectrons produced in the interaction region were detected with an electron time-of-flight (TOF) spectrometer at the 'magic angle' where the measured intensity is independent of the angular distribution of the emitted electrons. The pressure in the experimental chamber during the experiment was about 3 × 10 −3 Pa and slightly higher in the interaction region.
The energy of both monochromators was calibrated using the Xe N 4,5 O 1 O 1 Auger line with a kinetic energy of E kin = 8.28 eV. Note that this energy is increased by 0.2 eV relative to the value reported by Werme et al [32] as suggested by Hansen and Persson [33] to agree with the measurements of [34] . First, the position of the Auger line in our TOF spectrum was determined. Then, using He gas under the same experimental conditions as before, we changed the photon energy such that the He + (n = 3) satellite line appeared at the same position in the electron spectrum as the Auger line did previously. With the well known binding energy E B = 72.95 eV [27] of this satellite line we determined the photon energy using hν = E B + E kin and calibrated the monochromators with an estimated accuracy of 0.05 eV. Note that the energy calibration was performed at 81.23 eV which is very close to the double-ionization threshold.
In order to determine the Wannier exponent we have measured the intensities of He satellites He + (n ) for n 9 relative to the 1s main line between 78.9 and 82 eV as shown in figure 1 for hν = 78.94 eV. With the help of absolute cross section data [35] we calculated the partial cross sections σ (n) for each photon energy. Since we find (cf below) that σ (n) varies as for n > 4, we determined the value of σ s (hν) using a least-squares fit to σ (n) for 5 n 8. As mentioned before, this value is proportional to the high-energy differential cross section of the double-photoionization continuum. As an example, such a fit curve is displayed in figure 2 showing that for n < 5 equation (3) cannot be applied and those data were not included in the fitting procedure. Although we have determined the intensity of He + (n = 9) we did not include these data points either, because of their rather large uncertainty. However, it was helpful to include this satellite line for determining an accurate intensity of the satellite line n = 8, because both lines are barely resolved.
The resulting values σ s (hν), determined as described above, are displayed in figure 3 for both experiments separately, because of the different photon-energy resolution. The cross section σ s (hν) decreases towards the double-ionization threshold as expected. A least-squares fit was applied to both data sets using equation (2) . It may come as a surprise that one datum in figure 3(b) is below the double-ionization threshold. However, the photon energy is above the He + (n = 8) satellite binding energy and therefore an extrapolation to 'n = ∞' is possible. As noted in [20] 'the high degree of correlation between the electrons . . . also dominates the near-threshold excitation of high Rydberg states'. Therefore, we included this point in the fitting procedure. In addition, a theoretical model was developed to include energies below the double-ionization threshold into an extended threshold law [36] [37] [38] . This theory predicts and experiments show that the proportionality constant σ 0 in equation (2) [24, 39] , while in other cases ratios of 1.26 [15] and 1.43 [20] were found. A study by Cvejanović et al indicated a pressure dependence of this ratio varying from 0.97 to 1.1 with increasing gas pressure. However, this could not be confirmed in other experiments. The σ − 0 to σ + 0 ratio can be affected by double-excitation resonances below the double-ionization threshold resulting in an enhanced ratio. Here, the ratio was kept fixed in our fitting procedure at the theoretically expected value of 0.95 [39] in order to minimize the number of free parameters. Applying this assumption, a reasonable fit curve was achieved.
Although the electron spectrometer resolution does not affect the data points, the energy resolution of the monochromator needs to be taken into account by convolving equation (2) with a triangular bandpass of 22 and 75 meV FWHM for beam lines BL-16B and BL-3B, respectively. The fitting procedure was performed for both data sets yielding an exponent α = 1.062(6) for the BL-16B data and α = 1.054(10) for the BL-3B data, supporting previous measurements and theoretical predictions. The data point at 81.18 eV, shown in figure 3(b) , was not included in the fit because it was clearly beyond the energy range of validity of the Wannier threshold law which appears to be less than 2 eV and compatible with previous measurements [11, 25] .
The best-fit curves were achieved with a small offset of 23 meV of the photon energy, which is within the accuracy of our energy calibration. If the ratio of the cross sections below and above threshold was not kept fixed, α decreased to 1.057 and 1.052, respectively, due to a lower ratio. Accordingly, a higher ratio of σ − 0 to σ + 0 would result in a higher value for α. The fitted results turned out to be insensitive to the knowledge of the exact energy resolution.
Our values for α are in reasonable agreement with previous experiments and theoretical predictions. However, it is worth mentioning that most of the experimental values, using electrons at the low or high kinetic-energy limit of the double-photoionization continuum, lie systematically higher than given by theory (figure 4), as was already noticed by Thompson et al [15] . The reason for this may be a non-uniform energy distribution of the He doublephotoionization continuum at threshold. The energy distribution of the double-ionization continuum is expected to be uniform according to Wannier's theory [1, 40] , but can be nonuniform by about 5% according to other theories [37, 41, 42] , which was confirmed for the case of electron-impact ionization of He [43] . A hill-shaped energy distribution (with a maximum for equal-energy sharing) would result in an increased value of α for measurements at the lowand high-energy side of the continuum, while ion-yield measurements may still confirm the theoretical α value. At present, however, the theoretical value is barely outside the error bar of the average α value and as yet there is no proof against the Wannier threshold law.
In summary, we have determined the Wannier exponent α for double photoionization by measuring photoelectron satellites He + (n ). We obtain from two separate experiments α = 1.062(6) and 1.054(10), respectively. At present the overall accuracy is limited by the monochromator resolution and the number of data points at different photon energies. Nevertheless, the Wannier exponent α could be determined with high accuracy. The experiment demonstrates a promising approach to determining the Wannier exponent with even higher accuracy and underlines the notion of a Wannier exponent different from the theoretically expected one. Of particular interest is the comparison of the directly determined exponent from the double-photoionization cross section σ 2+ and the indirectly determined exponent by threshold-electron measurements or the method described in this paper (differential photoionization cross section). This comparison can give clues about the shape of the energy distribution of the double-photoionization continuum near threshold and further investigations are called for.
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